Abstract. There exist large uncertainties in the present modeling of physical, chemical, and optical properties of atmospheric particles. We have recently incorporated an advanced particle microphysics (APM) model into a global chemistry transport model (GEOS-Chem) and a regional weather forecasting and chemistry model (WRF-Chem). Here we develop a scheme for calculating regional and global aerosol optical depth (AOD) from detailed aerosol information resolved by the APM model. According to GEOS-Chem-APM simulations, in most parts of the globe, the mass of secondary species resides mainly within secondary particles (60-90 %), but in certain regions a large fraction (up to 50-80 %) can become coated on various primary particles. Secondary species coated on black carbon and primary organic carbon particles significantly increase the size and hygroscopicity of these particles and thus impact their optical properties. The GEOS-Chem-APM model captures the global spatial distributions of AOD derived from AERONET, MODIS, and MISR measurements, generally within a factor of ∼2. Our analysis indicates that modeled annual mean AODs at all sky and clear sky conditions differ by ∼20 % globally averaged and by >50 % in some regions. The time series of WRF-Chem-APM predicted AOD over the northeastern United States in June 2008 have been compared to those from seven AERONET sites. Overall, the model mostly captures the absolute values as well as the variations of AOD at the AERONET sites (including dramatic changes associated with the crossing of high AOD plumes). Both GEOSChem and WRF-Chem simulations indicate that AOD over the northeastern US is dominated by secondary particles and have large spatiotemporal variations.
Introduction
Tropospheric aerosols impact climate directly by scattering and absorbing radiation and indirectly by acting as cloud condensation nuclei to affect cloud properties and precipitation. There exist large uncertainties in both direct and indirect radiative forcing (RF) of atmospheric aerosols (IPCC, 2007; Chin et al., 2009 ). The optical properties and thus the direct RF (DRF) of atmospheric aerosols depend on a number of parameters such as particle size distribution, composition, hygroscopicity, refractive index, and mixing state. Modeling of these aerosol parameters, as well as the processes controlling their spatiotemporal variations, by various global aerosol models differs significantly, which is the key source of uncertainties in predicted aerosol optical properties and DRF (e.g., Kinne et al., 2006; Schulz et al., 2006; Textor et al., 2007) .
Most climate models treat BC particles as externally mixed (e.g., Textor et al., 2007; Koch et al., 2009 ) but some global aerosol models (e.g., Stier et al., 2005; Bauer et al., 2008; Spracklen et al., 2008) resolve the internal mixtures of BC with other components. It has been well recognized that the mixing state of BC particles affects absorption and RF (e.g., Ackerman and Toon, 1981; Bond et al., 2006) . Bond et al. (2006) investigated theoretically the increase in absorption when BC particles, within a realistic range of sizes, are internally mixed with other (non-absorbing) materials. In particular they showed that total absorption increased (by a factor of up to 2-4) when mixing (or coating) is resolved whereas models that ignore such mixing underestimate BC positive RF. By comparing results from AeroCom models and observations, Koch et al. (2009) showed that AeroCom models under-predicted absorption AOD (AAOD) but overestimated surface and upper atmospheric BC concentrations at lower latitudes, and concluded that most models are underestimating BC absorption and should improve estimates for refractive index, particle size, and optical effects of BC coating. One further important factor affecting DRF is the particle hygroscopicity which depends on composition and mixing state, and it is critical to calculate particle hygroscopic growth online because of non-linear dependence of water uptake on RH. Textor et al. (2007) showed that harmonization of aerosol sources has only a small impact on the simulated intra-model diversity of the global aerosol burden and optical properties, and pointed to the need for a better understanding and representation of aerosol life cycles at each process level. Chin et al. (2009) also identified the need to improve the accuracy and capability of model simulation of aerosols (including components and atmospheric processes) as one of the key research priorities in order to reduce the uncertainty in the assessment of aerosol-climate impacts.
Particles in the troposphere either come from direct emission (i.e., primary particles) or in-situ nucleation (i.e, secondary particles). The aging process transforms these particles into different sizes, mixing states and compositions. Some particles contain solid cores yet others do not, and the amount of secondary species coated on primary particles has large spatiotemporal variations. While particles without solid cores can be treated as internally and well mixed, Bond et al. (2006) recommended that the treatment of particles containing absorbing cores as internally well mixed should be avoided. Seeking to improve the representation of major processes affecting the aerosol properties important for their climate impacts in 3-D models, we have developed a size-resolved (sectional), advanced particle microphysics (APM) model and have successfully incorporated it into a global chemistry transport model (GEOS-Chem) (Yu and Luo, 2009 ) and a regional weather forecasting and chemistry model (WRF-Chem) (Luo and Yu, 2011) . We have designed and implemented a number of computationally efficient schemes which enable the APM model to capture the main particle properties (sizes, compositions, coating of primary particles by secondary species, etc.) important for their RF while keeping the computational costs affordable. APM treats particles of different types (secondary, BC, dust, sea salt, primary organic carbon -POC) as semi-externally mixed, i.e., (1) it separates secondary and four types of primary particles, and (2) it explicitly predicts the spatiotemporal variations of the mass of secondary species coated on each type of primary particle as a result of coagulation, condensation, and equilibrium uptake. Details of the treatment of secondary organic and inorganic species in APM can be found in Luo (2009) and Yu (2011) .
The main objective of this work is to investigate aerosol optical properties based on size, composition, and mixing state resolved APM model. A computationally efficient scheme, using lookup tables, is designed and developed to calculate online the aerosol optical properties from detailed particle property information predicted by APM. In Sect. 2, we investigate the dependence of optical properties on key parameters and describe the lookup tables constructed. Some key aerosol properties predicted by APM that are relevant to optical property calculation are described in Sect. 3. Section 4 presents simulated global and regional aerosol optical properties with GEOS-Chem-APM and WRF-Chem-APM respectively, as well as comparisons with measurements. Summary and discussion are given in Sect. 5. The calculated aerosol optical properties provide inputs to a radiative transfer module and the resulting aerosol direct RF is reported in a separate paper (Ma et al., 2012) . Although many papers have investigated the role of nucleated particles on CCN/indirect forcing (Spracklen et al, 2008; Merikanto et al., 2009; Yu and Luo, 2009; Wang and Penner; 2010) , this is (to our knowledge) the first to attempt to quantify the contribution to aerosol optical depth of the secondary (nucleated) particles.
Particle optical properties: controlling parameters and lookup tables
The key particle optical properties used for DRF calculation include extinction efficiency (Q ext ), single scattering albedo (ω), and asymmetry parameter (g). The absorption extinction efficiency (Q abs ) can be calculated from Q ext and ω as Q abs = Q ext × (1 − ω). The values of Q ext , ω, and g depend on wavelength (λ), core diameter (d core ), shell diameter (d shell ), and real (k r ) as well as imaginary (k i ) components of refractive index (k = k r −k i i) for both core and shell, and can be calculated with widely used Mie theory. The core-shell model of Ackerman and Toon (1981) , which can use either the volume averaged refractive indices or the shell/core configuration, is employed in this study.
To reduce computation cost for 3-D online calculation, we have designed and generated lookup tables so that Q ext , ω, and g values can be determined efficiently. According to the properties of aerosols resolved by APM, three lookup tables have been developed: the first for particles without solid absorbing cores (i.e., secondary particles, coated sea salt, and coated POC), the second for coated BC, and the third for coated dust. For coated BC and dust particles, the core-shell model assumes that BC and dust have a spherical core, surrounded by a spherical shell composed of all the other nonor less-absorbing secondary species and water. For hydrated (i.e., wet) secondary particles, coated sea salt particles, and coated primary organic particles, we set the core size to zero and use the volume-average of refractive index to calculate the optical properties of particles of given wet sizes. For refractive index of BC core, we use the value recommended by Bond et al. (2006) which is 1.85-0.71i. For dust core, a wavelength dependent parameterization of refractive index presented in Balkanski et al. (2007) is adapted. The Table 1 . The range of each dependent variable dimension, the total number of points in each dimension, and the values at each point for shortwave aerosol optical property look-up tables for particles without solid cores, particles with BC cores, and particles with dust cores.
Range
Total # of points
Values at each point 34, 0.38, 0.443, 0.469, 0.5, 0.554, 0.645, 0.675, 0.865, 0.94, 1.02, 1.24, 1.64, 1.785, 2.13, 3.19 ; i = 1, 16
Dust-core 0.05-50 61 d core (j ) = 0.05 × 10 (j −1)/20 , j = 1, 61
Dust-core 0-1 32
k i 10 −6 -10 0 17
volume-averaged refractive indices for species other than BC and dust are calculated based on the composition predicted by APM. The particles are assumed to be spherical where as non-spherical effect is not considered in the present study. Table 1 gives the ranges of each dependent variable dimension, total number of points in each dimension, and values at each point for the three shortwave look-up tables corresponding to particles without solid absorbing cores, coated BC, and coated dust particles, respectively. The values of wavelength are selected based on the wavelengths of AERONET, MODIS, MISR, and wavelength bands of a radiative transfer code used for DRF calculation (Ma et al., 2012) . The selected parameter ranges cover the majority of conditions in the troposphere relevant to atmospheric particles simulated by APM. The range and resolution in each parameter space can be extended in the future if needed. Aerosol optical properties at longwave (>∼ 4 µm) is calculated only for dust particles as it is negligible for all other particles. For large dust particles, the coating effect is negligible and can be ignored. Table 2 gives the ranges of each dependent variable dimension, total number of points in each dimension, and values at each point for the longwave look-up table for dust particles.
For any given values of λ, d core , d shell , k r and k i within the ranges specified in Tables 1 and 2 , Q ext , ω, and g can be obtained using the look-up table with an efficient multiplevariable interpolation scheme described in Yu (2010) . For present application, the wavelengths of interest do not change during the simulation, and the values of λ in the lookup tables are selected in such a way so that no interpolation with regard to wavelength is needed to obtain the optical properties for comparison with corresponding observations from AERONET, MODIS and MISR, and for input to a radiative Table 2 . The range of each dependent variable dimension, the total number of points in each dimension, and the values at each point for long-wave aerosol optical property look-up tables for dust particles.
Total # Values at each point of points
transfer code. Nevertheless, for other application and if necessary, interpolation with regard to λ can be performed. Figure 1 shows the dependence of Q ext , Q abs = Q ext × (1 − ω), ω, and g on λ for the three particle types. In addition to refractive index, particle optical properties largely depend on the size parameter x which can be defined as x = r/λ where r is the particle radius. For weak absorbing particles, Q ext monotonically increases with x when x < 1 and peaks around x value of unity. Q ext oscillates around the values of 2 when x > 1 and approach 2 when x 1. For given particle sizes of 0.4 µm, Q ext , ω, and g generally decrease with increasing λ at visible and near infrared wavelength (Fig. 1a) . Because of refractive index variations, different particle types behave differently. While both Q ext and Q abs decrease with λ, the fraction of Q ext due to absorption (i.e., 1 − ω) increases with λ (Fig. 1b) . For same size particles (d core + d shell ), the three types of 0.4 µm particles have similar extinction coefficients at visible wavelengths but the particles with BC cores only have much larger absorption and extinction coefficients at infrared wavelengths. (Fig. 2a) but becomes important when d shell is comparable to or larger than d core . For particles with no solid cores, their extinction efficiency increases dramatically as their size increases from ∼ 50 to ∼ 500 nm. Similarly, the increase of small BC particles from ∼ 100 to ∼ 500 nm due to coating substantially enhances their extinction efficiency. The significant effect of sizes on the extinction efficiency of particles smaller than ∼ 500 nm (dominated by secondary particles, BC, and POC) highlights the importance to explicitly resolve the size evolution of these particles for accurate prediction of their AODs and DRF. Secondary particle size distributions are controlled by nucleation, condensation, coagulation, deposition, equilibrium uptake, and aqueous chemistry, while those of BC and POC particles are largely determined by their initial sizes, coating, equilibrium uptake, coagulation, and deposition. To explicitly resolve these processes in 3-D models is challenging, but necessary in order to reduce uncertainty in aerosol RF calculations. Figure 2b shows the dependence of their optical properties on the sizes of cores for those particles with solid cores (i.e., BC and dust particles). At the assumed d shell (0.1 µm for dust and BC), Q ext and Q abs generally increase with d core until reaching their peak. Most dust particles in the atmosphere are likely larger than 0.5 µm thus Q ext is already in the domain of peak Q ext values. The picture is very different for BC particles as most are smaller than 0.2 µm. As a result, the optical properties and RF of BC particles are sensitive to the sizes of BC particles, highlighting the necessity in reducing the uncertainty in the sizes of BC particles in models. It is clear from Fig. 2b that, as expected, particles with BC core have much higher Q abs and that Q abs contributes to around 50 % of Q ext when d core >∼ 0.1 µm.
The secondary species coated on BC and dust particles generally have very small imaginary parts of their refractive indices, thus they have small absorption in the visible light range. Nevertheless, there exist some organic compounds that absorb strongly (i.e., brown carbon, with the imaginary part of their refractive index reaching up to 0.27) (Alexander et al., 2008) . The effects of refractive indices (k = k r −k i i) of shell species on optical properties at selected conditions are given in Fig. 2c and d. With a fixed k i , Q ext and Q abs increase monotonically with k r while Q ext can be more than doubled when k r increases by ∼ 15 % (from 1.33 to 1.53). For particles with BC or dust cores, the impact of k i values on Q abs is small when k i < 0.001 but is substantial when k i > 0.001. For particles without cores, Q abs is sensitive to k i although Q abs is negligible when k i < 0.001. If k i increases to ∼0.1, particles of all types have a much stronger Q abs , although the corresponding impact on Q ext is relatively small under the conditions considered in the figure. A number of recent studies (e.g., Alexander et al., 2008; Shapiro et al., 2009) indicate that certain secondary organic aerosols (SOA) can react with sulfate and form absorbing compounds (i.e., brown carbon). Figure 2d suggests that the increase of k i associated with the formation of brown carbon could substantially increase the aerosol overall absorption including coated BC particles. The significant impact of refractive indices of water soluble species on aerosol optical properties calls for a robust representation of chemical compositions and hygroscopic growth of various particles in the models. in the degree of particle mixing which is important for their climatic impact through both direct and indirect RF. Similar approaches have been used in other bin-resolved aerosol models (e.g., Jacobson, 2001; Pierce et al., 2007) . As mentioned earlier, APM separates secondary particles from four different types of primary particles while it explicitly predicts the amount of secondary species coated on each type of primary particle (Yu and Luo, 2009 ). The present version of the APM module incorporated in both GEOS-Chem and WRF-Chem employs 40 bins for secondary particles to cover the dry diameter size range of 0.0012 to 12 µm, 20 bins for sea salt to cover the dry diameter size range of 0.012 to 12 µm, and 15 bins for dust particles to cover size range of 0.03 to 50 µm. Because of large differences in the median sizes of BC and POC from fossil fuel combustion and biomass burning, we employ two log-normal modes (one for fossil fuel and another for biomass burning) to represent hydrophobic BC and another two log-normal modes for hydrophilic BC (Yu and Luo, 2009) . Similarly, 4 log-normal modes are used to represent hydrophobic and hydrophilic POC. The present APM treats BC and POC as externally mixed, which may lead to some uncertainties in the calculated optical properties as some of BC and POC may be emitted as or become internally mixed.
The major secondary species considered in the APM model include sulfate, ammonium, nitrate, low volatile SOA (LV-SOA), semi-volatile SOA (SV-SOA), and mediumvolatile SOA (MV-SOA). Sulfate formation is through ionmediated nucleation (IMN) (Yu, 2010; Yu and Turco, 2011) , H 2 SO 4 vapor condensation and aqueous chemistry, while the amount of ammonium and nitrate associated with sulfate is determined based on thermodynamic equilibrium according to ISORROPIA II (Fountoukis and Nenes, 2007) . The condensation of LV-SOA on all types of particles is explicitly simulated (Yu, 2011) and the uptake of SV-SOA and MV-SOA is calculated based on partitioning theory (Chung and Seinfeld, 2002) . Detailed discussion of SOA treatment in the model can be found in Yu (2011) . Water uptake at any given RH is calculated based on the particle's hygroscopic parameter which depends on the composition using the scheme given in Petters and Kreidenweis (2007) .
The APM model employs a number of computationally efficient schemes including: (1) usage of pre-calculated lookup tables for nucleation rates and coagulation kernels; (2) variable size ranges and bin resolutions for particles of different types; (3) variable and optimized time steps for the coagulation calculations; (4) the coating of primary particles by sulfate and LV-SOA are tracked using two tracers (one for sulfate and the other for LV-SOA) for each type of primary particle; (5) nitrate and ammonium associated with sulfate are calculated based on thermodynamic equilibrium, and (6) SV-SOA and MV-SOA formation associated with the presence of LV-SOA in the particles are calculated based on the partitioning theory. These schemes enable the APM model to capture the main properties of atmospheric particles important for their direct and indirect RF while keeping the computational costs affordable.
In the past, a large set of land-, ship-, and aircraft-based measurements of particle number concentrations around different parts of the globe have been used to evaluate the ability of the APM model in capturing the spatial distribution of the number concentrations of particles larger than ∼3 nm (Yu et al., 2010) and ∼10 nm (Yu and Luo, 2009; Yu et al., 2010) as well as CCN at water supersaturation ratio of 0.4 % . The model can capture the absolute values of particle number concentrations (within a factor of two for most of sites around the globe) as well as their spatial variations (for example, correlation coefficient for CCN up to 0.94, Yu et al., 2012) . The evaluation of model predicted size distributions and chemical compositions has been quite limited, partially due to the lack to long-term measurements in rural areas (horizontal resolution of our global modeling is not high enough to resolve urban centers). In Yu (2011), we compared particle size distribution evolution during a period of one month predicted by GEOS-Chem-APM with those observed at Hyytiala, Finland and showed that the overall agreement between simulated and observed size distributions is reasonable after the condensation of low-volatile secondary organics is considered. A comparison of simulated secondary organic aerosol (SOA) mass concentrations with those observed at 10 rural sites with Aerosol Mass Spectrometer (as reported in Jimenez et al., 2009) showed that, on average, the modeled SOA mass at these sites are slightly lower than those observed (by ∼29 %). Ma et al. (2012) have compared simulated and observed sulfate and BC concentrations. Overall, the simulated sulfate concentrations agree well with the observations, particularly in the United States. The simulated BC over the United States and Europe are slightly lower than observations, but overall still in good agreement. However, the simulated BC concentrations are significantly lower than observations in Asia. Further evaluation of the simulated aerosol properties relevant for AOD (such as composition, water uptake, vertical distributions, temporal variations, etc.) are still needed to further assess and improve the performance of the aerosol model. Satellites provide unique longterm measurements (>1 yr) with global coverage which are useful to evaluate large scale aerosol modeling. One main objective of this work is to evaluate aerosol optical properties based on size, composition, and mixing state resolved APM model by comparing with MODIS, MISR, and AERONET data. Since AOD depends on particle size distribution, composition, mixing state, and hygroscopicity, a comparison of modeled AOD with observations that have large spatial coverage and long duration can help to assess the ability of the model in capturing important aerosol properties.
We use GEOS-Chem-APM to illustrate the global annual mean aerosol properties (composition, coating, mixing state, and hygroscopic parameter) resolved by APM. The global simulations presented below are based on a one-year simulation (October 2005-December 2006, with the first 3 months as spin-up) using v8-03-02 of GEOS-Chem (e.g., Bey et al., 2001 ) +APM, with nucleation rates predicted by the IMN mechanism (Yu, 2010) and the condensation of low volatile secondary organic gases from successive oxidation (Yu, 2011 ) taken into account. The effect of sea surface temperature on sea salt emission is considered, using the empirical formula given by Jaeglé et al. (2011) . The horizontal resolution is 4 × 5 • and there are 47 vertical layers in the model (surface to 0.01 hpa).
Secondary species (SS, composed of sulfate, ammonium, nitrate, and SOAs) are important components of atmospheric species. Figure 3 shows the horizontal distribution of the column burden of total SS (i.e., sulfate + ammonium + nitrate + SOAs), and the fractions of these species remaining in secondary particles (SP) and coated on each type of primary particles. Annual mean SS burden is higher over major continents (>10 mg m −2 ) with highest value exceeding 70 mg m −2 over some areas of eastern China. SS burdens in the Arctic and Antarctic regions are in the range of 7-10 mg m −2 and 1-3 mg m −2 , respectively. SS burdens over oceans are in the range of 1-10 mg m −2 , relatively higher in the outflow regions of major continents and lower in the tropics. Figure 3b shows that SS reside mainly in SPs (60-90 %) in most parts of the globe where SPs are the dominant contribution to the condensation sink, but a large fraction (up to 50-80 %) can become coated on various primary particles in certain regions such as Asia, South America, South Africa, and Southern Oceans where emission and concentrations of primary particles are high (Fig. 3c-f) . Globally averaged, ∼71.3 % of SS resides in SP while 1.0 %, 2.0 %, 8.6 %, and 17.1 % of SS are coated on sea salt, dust, BC, and POC particles, respectively. The coated SS has negligible effect on the size and hydroscopicity parameter (κ) of sea salt and dust particles due to the large size and mass burden of these particles. However, the coating has significant impact on the sizes and κ of BC and POC particles as shown in Fig. 4 , which gives the ratio of total dry mass (core component + coated SS) to the mass of the core components as well as κ values for SP, coated BC, and coated POC, averaged within the first Horizontal distribution of the column burden of total secondary species (SS, composed of sulfate, ammonium, nitrate, and SOAs), and the fractions of these species remaining in secondary particles (SP) and coated on each type of primary particles (dust, sea salt, BC, POC).
2 km of atmosphere above surface. The κ values for the single components follow those given in Petters and Kreidenweis (2007) . Figure 4a shows that over the major continents, sulfate contributes ∼10-50 % of the total SP mass. Over the oceans and polar regions, sulfate becomes more abundant (>50 %) in the SPs. The SP mass is dominated by SOA in South Africa and South America due to large biogenic VOC emission there. The annual mean κ of SP is generally above 0.6 except over South Africa and South America where relatively low κ SOA species dominate. Pure BC particles are hydrophobic (κ = 0) but become hydrophilic as a result of aging (or coating). Figure 4b and c shows that the mass of coated SS is a factor of two or more higher than that of BC cores in most of the lower troposphere, except in low latitude regions of the Southern Hemisphere where the concentrations of inorganic species are low. The coating significantly increases the κ values of BC particles (Fig. 4d) and, as expected, the spatial distribution of κ is similar to that of the coated mass. Over the main continents in the Northern Hemisphere (NH), the κ value of coated BC particles is generally in the range of 0.4-0.5 but is below 0.3 over the continents in the South Hemisphere (SH). As BC particles become wellaged or mixed during their transportation away from source regions, κ values are generally higher over the oceans and polar regions. Figure 4e shows that the ratio of the mass of coated POC to that of core POC is generally between 1.5 and 3 in the lower troposphere. While the total amount of SS coated on POC is larger than that coated on BC (Fig. 3e, f) , the mass ratio of coated mass to the core mass is smaller for POC because of larger POC mass emission and concentration. Pure POC has κ of 0.1, and the coating increases the annual mean κ of coated POC to ∼0.3-0.5 in most parts of the NH and to ∼0.2-0.3 over major continents in the SH. Similar to those of BC and SP particles, κ values for coated POC are generally higher over the oceans and polar regions. It should be noted that present study does not consider the interaction of BC and POC. In the real atmosphere, some fractions of POC may be internally mixed BC which will affect the spatial distributions of κ values for the resulting particles. In addition, κ values for different POC and SOA compounds may have a wide range. Further observational and modeling studies are needed to assess how these uncertainties may impact AOD and DRF.
In summary, our modeling results presented above indicate that atmospheric particles are neither fully externally nor internally mixed. Globally averaged, about 71 % of secondary species remain externally mixed but a small fraction of secondary species coated on BC and POC particles can significantly increase the size and κ of these particles which has important impact on their optical properties and DRF. It should be pointed out that, while coating of secondary species has little impact on the size and optical properties of dust and seasalt particles, it serves as a sink of secondary species in regions with high dust and sea-salt concentrations and thus has indirect impact on climate through the reduction of SP concentrations. The large spatial (Figs. 3-4) and temporal (not shown) variations of particle mixing states demonstrate the importance of treating detailed aerosol dynamic processes in the regional and global aerosol models.
Global and regional aerosol optical properties: simulations and comparisons with measurements
We have implemented the lookup tables described in Sect. 2 in GEOS-Chem-APM (Yu and Luo, 2009 ) and WRF-Chem-APM (Luo and Yu, 2011) , enabling the optical properties of particles of different types to be calculated online in the model from the APM simulated particle properties described in Sect. 3. While the lookup tables have been designed according to the features of aerosols predicted by the APM, they cover a wide range of conditions and can be applied to other aerosol models for optical property calculation as well.
In the calculation of optical properties for coated BC and dust particles, the core-shell model assumes BC and dust particles have a spherical core, surrounded by a spherical shell composed of secondary species (sulfate, nitrate, ammonium, and SOA). Hygroscopic growth is important to determine particle wet size, which is needed to calculate particle optical properties. The amount of water associated with each particle type at a given RH is calculated based on volumeaverage values of hygroscopicity parameters (κ) according to the formula given in Petters and Kreidenweis (2007) . For secondary particles, coated sea salt particles, and coated primary organic particles, we use the volume-average of refractive index to calculate the optical properties of particles of a given wet size. The refractive indices for sulfate, ammonium, nitrate, SOA, POC, and water are according to the corresponding values given in Aouizerats et al. (2010) . The refractive indices for sea salt, BC, and POC are based on values recommended by Krekov (1993) , Bond et al. (2006) , and Balkanski et al. (2007) , respectively. The optical properties are calculated for particles in each bin of each type. For log-normal BC and POC particles, we discretize them into 20 bins during optical property calculation. Figure 5 gives annual mean AOD horizontal distributions for 5 types of particles tracked by APM and the corresponding zonally averaged vertical profiles of the extinction coefficients at λ = 550 nm. A combination of horizontal AOD distributions and vertical Q ext profiles gives us a 3-dimensional picture of the contributions of various particle types to AOD globally. The globally averaged AOD associated with SP, sea-salt, dust, coated BC, and coated POC are 0.066, 0.056, 0.019, 0.006, and 0.008, respectively. SPs are present in highest concentrations in major continents and their immediate outflow regions, and clearly dominate AOD over major continents except dust source regions. Sea-salt is a dominant AOD contributor over oceans and polar regions while dust is important over major dust source and outflow regions (Sahara, middle east, north-western China, and Australia). Coated BC and POC particles make important contribution to AOD in major continents but their contributions are generally much smaller than that of SP except in East Asia. Vertically, most particle extinction occurs within ∼ 2 km above the surface. However, the vertical gradient of sea salt extinction coefficients is reduced at higher latitudes where sea salt particles make substantial contributions to extinction coefficients in the middle troposphere. The impact of dust particles extends to the middle troposphere as well. In the Arctic, all particles appear to make some contribution to extinction coefficients although SP and sea salt are the most important ones. AOD have been observed in many locations through the AERONET (AErosol RObotic NETwork) program which is a federation of ground-based remote sensing aerosol networks established by NASA (Holben, 1998) . The program provides a long-term, continuous and readily accessible public domain database of aerosol optical, microphysical and radiative properties for aerosol research and characterization. While ground based AERONET measurements provide data at high time resolution, they have limited spatial coverage. Satellite data, such as those from MODIS (Kaufman et al., 1997; Remer et al., 2005) and MISR (Martonchik et al., 1998) , provide global coverage of AOD. It should be noted that AERONET, MODIS, and MISR AOD at visible wavelength are limited to local daytime under clear sky conditions. Consequently, care should be taken when comparing model results with observations, especially with regard to what periods the model results should be averaged. Due to the large grid box size in the global model (4 × 5 • , or around 400 × 500 km in this study), most grid columns have some cloud fraction thus complete clear sky in the grid columns rarely occurs. It should be noted that the clear sky condition for AERONET, MODIS, and MISR is limited to a much smaller domain. For example, the spatial resolutions of MODIS (pixel size at nadir) range from 0.250 to 1 km for different channels. In this study, we treat a grid column as clear sky when the overall cloud fraction (CF) is <50 %.
Global aerosol optical properties -GEOS-Chem-APM simulations
Figures 6 and 7 compare the modeled annual mean total AOD for all sky and clear sky (grid box overall CF < 0.5) with the observations from AERONET, MODIS, and MISR. The model captures the global spatial distributions of AOD, generally within a factor of 2. It should be noted that there exist uncertainties in both model and observed values. The uncertainty in the measurements can be seen from the difference in the annual mean AERONET, MODIS, and MISR values which can also approach a factor of 2 or more. The difference is likely due to different instruments, retrieval algorithms, and periods of data available for averaging. Globally averaged AOD is 0.154 at all sky and is 0.127 under clear sky (CF < 50 %), with the difference even more significant at higher latitudes (Fig. 6) . The effect of CF on AOD is largely associated with the hygroscopic growth of atmospheric particles as RH is generally higher during periods of higher CF within the grid box.
Regional aerosol optical properties over the northeastern US -WRF-Chem-APM simulations
The same APM model initially developed for GEOS-Chem (Yu and Luo, 2009 ) has been incorporated into WRF-Chem (Luo and Yu, 2011) . Luo and Yu (2011) evaluated the performance of WRF-Chem-APM against measurements from the INTEX-A field campaign (summer, 2004) (Singh et al., 2006) , and showed that the model can reveal urban and even layers within ∼1 km above surface). The present study focuses on the northeastern United States. Figure 8 shows the simulated and observed AOD at seven AERONET sites and Figs. 9-10 present simulated particle formation rate, CN10SP, CN10PP, AOD, and AAOD during a two day period (6-7 June). In Fig. 8 , AERONET sites close to each other (Toronto and Egbert, Thompson Farm and Appledore Island) are shown in the same panels. As discussed earlier, AERONET AOD data are limited to local daytime, clear sky conditions while the model provides AODs at all times. A comparison of simulated and observed AODs at the seven sites indicates that AOD at a given location can change significantly during a short period of time and, as we will show later, such a change appears to be associated with the crossing of particle plumes dominated by secondary particles. AOD at the seven sites are generally below 0.2 but periods of high AOD exceeding ∼ 0.6 occur at all sites except Bondville. The high AOD periods generally last less than one day. Overall, the model captures the absolute values as well as the variations of AOD at the 7 AERONET sites, although substantial differences exist during some periods. The differences are likely due to uncertainties in the model (both meteorology and particle properties) as well as measurements. High AOD events on days 10-11 and 13-14 at station #7 (MD Science C) missed by the model could also be caused by uncertainty in local emissions, as Station 7 is close to Washington DC and Baltimore MD and thus is subject to the influence of local aerosol plumes. 9 . Simulated (a) ion-mediated nucleation rate (JIMN) and number concentrations of (b) secondary and (c) primary particles larger than 10 nm (CN10SP, CN10PP) in the northeast US, averaged within the first two km above the surface (model layer 1-9) during a two day period (6-7 June). Number 1-7 overlayed on each panel mark the locations of seven AERONET sites given in Fig. 8 . To illustrate the cause of AOD variations and major contributions, we examine in detail the evolution of particle properties and AODs over the northeastern US during a two-day period (6-7 June) in Figs. 9-10. WRF-Chem-APM simulations indicate that AOD over the northeastern US is dominated by SP, which is consistent with GEOS-Chem-APM annual mean results (Fig. 5 ). In the model, the new particle (or SP) formation rate was calculated based on a physics-based IMN mechanism (Yu, 2010) which has been shown to be supported by state-of-art field measurements in the boreal forest (Yu and Turco, 2011) . It is clear from Fig. 9a that IMN leads to significant production of SP during the daytime in the lower troposphere over the northeastern US. The nucleation rates have large spatial variations and the model with 27 × 27 km resolution appears to resolve the nucleation plumes. The higher nucleation rates over certain regions on a particular day are mainly associated with high sulfuric acid vapor concentrations there (as a result of photochemistry). All the SPs shown in Fig. 9b , with peak values exceeding 10 4 cm −3 , are formed via IMN. Due to the time needed to grow the nucleated particles to larger than 10 nm, CN10 SP given in Fig. 9b is higher at GMT = 23 than at GMT = 17. During local night time, CN10 SP decreases as a result of transport and scavenging. The number concentrations of primary particles over the northeastern US, dominated by BCOC (ie., BC + POC), range from a few hundreds per cm 3 in western parts of the domain to 1000-2000 cm −3 in the Northeast Corridor (Washington, DC, Baltimore, Philadelphia, New York, and Boston regions). These primary particles are coated by secondary species of various amounts (not shown) and their AOD is in the range of 0.005-0.04 in the areas where their number concentrations are relatively high (>300 cm −3 ). Spatial distribution of AAOD (Fig. 10c) is close to that of BCOC AOD (Fig. 10b ) and number concentrations of BCOC particles (Fig. 9c) as BC particles dominate the absorption of atmospheric particles. In the regions with relatively high BC concentrations, AAOD reaches up to ∼ 0.003-0.01 on the two days shown. It is noteworthy that the regions of high AAOD differ significantly with those of high AOD (especially within the western part of the domain), indicating different source regions of BC and SP particles.
Another interesting detail is that the spatial distributions of SP concentrations and AOD for 6 June differ substantially from those for 7 June, signaling strong day-to-day variations of particle concentrations and AOD. As it is clear from AERONET data, AOD can increase or drop dramatically during a short period of time (a few hours). Our simulations indicate such dramatic change appears to be associated with the crossing of a high AOD plume dominated by SP. For example, AERONET AOD data show significant decreases at the Toronto and MD-Science C sites on the afternoon of 6 June. The model captures such a drop and the simulation results (Figs. 9 and 10) suggest that the drop was due to the passage of high SP and AOD plumes over the two sites. It is interesting to note that there exists a weak peak in the middle (GMT time) of 7 June at Toronto and Egbert sites, and the model captures this peak which was a result of passage of another AOD plume from the west.
Summary
There exist large uncertainties in the present modeling of physical, chemical, and optical properties of atmospheric particles, which contribute to the uncertainties in aerosol RF assessment and climate change projection. We have recently developed a size-resolved APM model and incorporated it into GEOS-Chem and WRF-Chem. The APM model is designed to capture the main particle properties (sizes, compositions, coating of primary particles by volatile species, etc.) important for their RF with low computational costs. In this study, we use important aerosol information resolved by the APM model to calculate and investigate global and regional distributions of aerosol optical properties. A computationally efficient scheme, in term of lookup tables derived from core-shell model, has been developed to calculate online the aerosol optical properties in the framework of GEOS-Chem-APM and WRF-Chem-APM. The simulated aerosol optical properties are analyzed and compared with AERONET, MODIS, and MISR measurements. The key findings are summarized below.
1. Theoretical analysis of key parameters controlling aerosol optical properties suggests the importance of resolving size, composition, and mixing state explicitly of atmospheric particles, especially secondary, BC, and primary OC particles.
2. Model results suggest that atmospheric particles are neither fully externally nor internally mixed. Secondary species reside mainly in SP (60-90 %) in most parts of the globe, but a large fraction (up to 50-80 %) can become coated on various primary particles in certain regions. Globally averaged, about 71 % of secondary species remain externally mixed but a small fraction of secondary species coated on BC and POC particles can significantly increase the size and κ of these particles which has important impact on their optical properties and DRF.
3. The globally averaged AOD associated with SP, seasalt, dust, coated BC, and coated POC are 0.066, 0.056, 0.019, 0.006, and 0.008, respectively. SPs are generally confined to major continents and their immediate outflow regions, which clearly dominate AOD over major continents except dust source regions. Coated BC and POC particles make important contribution to AOD over major continents but their contributions are generally much smaller than that of SP except in East Asia. Vertically, most particle extinction occurs within ∼ 2 km of the surface.
4. The GEOS-Chem-APM model captures the global spatial distributions of AOD derived from AERONET, MODIS, and MISR measurements, generally within a factor of 2. Our comparison of modeled AOD at all sky and clear (or partially cloudy) sky indicates that the amount of cloud cover in the grid box has a strong impact on AOD and care should be taken when comparing model results with observations. 5. A comparison of WRF-Chem-APM predicted AODs over the northeastern US in June 2008 with those from seven AERONET sites indicates that the WRF-Chem-APM model captures reasonably well the absolute values as well as the variations of AOD at the 7 AERONET sites during the simulated periods, although substantial differences exit during some periods. AOD at a given location can change significantly during a short period of time and we show that such a change appears to be associated with the crossing of particle plumes dominated by secondary particles. WRF-Chem-APM simulations indicate that AOD over the northeastern US is dominated by secondary particles formed via ion-mediated nucleation, which is consistent with GEOS-Chem-APM results.
The online aerosol optical property calculation capability of the APM module in GEOS-Chem and WRF-Chem enables us to compare APM aerosol simulations with a much larger data set as well as study the impacts of various processes on aerosol optical properties and DRF at different spatial and temporal scales, which will be the subject of future investigations.
